A necessidade de se estudar compostos modelo é a de se compreender como os sítios de quelação de substâncias orgânicas complexas como os ácidos húmicos e nitro-húmicos atuam frente a um íon metálico, pois as substâncias húmicas são potenciais fertilizantes orgânicos.
Introduction
Humic substances (HS), organic material existing in soil and waters arising from the decay of plants and animals play many roles in soils. Among them, they have long been considered as a natural source of C, N, P, and S and also, due to their ability to form stable complexes with many metal ions, can be considered as a natural fertilizer [1] [2] . Many workers have made contributions concerning the determination of dissociation constants of the acidic functional groups of HS in order to obtain a better understanding of metal complexation by these organic macromolecules since the late 70's. The determination involved the use of thermochemistry 2 , Fourier Transform Infrared Spectrometry 3 , and Potentiometric studies 4 . Since the contribution of Schulten and Schnitzer 5 for the unraveling of the structure of HS, there have been few important contributions to the HS literature. The structure of these geopolymers is complex. However, it is known for certain that aromatic structures are present as part of the structure of HS and NHS. These macromolecules contain within their structure organic functional groups such as catechols, salicylates and phthalates, capable of complexing metal ions [6] [7] [8] [9] [10] . Figure 1 , showing the Eqs. 1 to 3, represents some of the structures capable of complexing the metal ions.
Many studies have been published [11] [12] [13] [14] [15] [16] [17] of the complexing ability of HS towards metal ions like copper, nickel and aluminum as well as the pH dependence of these systems. Model compounds are used to overcome the difficulties of studying HS due to their physical complexity. No matter the size of the molecules chosen, they allow for a better understanding of the complexation behaviour of HS.
Another advantage in using model compounds for the study of the behaviour of HS towards metal ion complexation lies in the fact that it is very difficult to make interpretations of the acid-base properties of HS, due to the perturbations encountered in acid-base potentiometric titrations. Various models have been proposed in the literature to take into account the mixture of chemically non identical acid sites. One of them has sought to fit experimental data empirically and is called the Discrete Ligand Approach 18 . The empirical model presumes that the observed potentiometric properties are a consequence of the different acid strenghts of a limited number of functional sites that constitute the humic acid (HA) molecule . The present work is based on this model.
The nitrohumic acids (NHA), a laboratory artifact of HA obtained by the action of nitric acid upon HA, have the advantage of a higher percentage of N than in HA. 9 The complexing ability of a model compound for the phthalic derived sites of HA is compared with the models chosen for the nitrophthalic derived sites of NHA using two important plant micronutrients, one a hard (Fe(III)) and the other a softer Lewis acid (Zn(II)). The models, phthalic acid (APA), 3-nitrophthalic acid (3-NPA) and 4-nitrophthalic acid (4-NPA), are represented in Fig. 2 .
Althought the models are not complex molecules, the interest for studying them, apart from what has been said above, is that there is a need to complement the data in the literature, due to the lack of certain stability constant data. Also, this study is important for evaluating the interactions of HS and NHS acid sites in the presence of metal ions, in order to understand how during their slow mineralization in soil, not only how the greater amount of N of NHS compared to HS, is released to plants but also how all the metal ions bound to these acidic sites, will be made available.
A comparative study is extended by collecting data from model compounds of HA and NHA, salicylic and catecholic derivatives, previously reported in the literature [19] [20] [21] [22] [23] [24] . 232 Mercê et al. The study of metal ions and HA complexes has led to few conclusive results, as there are many drawbacks to attributing the binding constants found with a specific site or reactive site that is actually linked to the metal ion. In order to gather some previously reported data concerning nitrosalicylic acids [19] [20] and nitrocatechols [22] [23] , a trial titration was made in a mixture of NHA models and Cu(II).
Cyclic voltammetry (CV) can give information concerning the stability of electrogenerated products in a redox system tested over a range of p [H] values. This technique is also important in helping to identify those species involved (aqua ions, complexed species, etc) 25 . Ultraviolet-visible spectroscopy (UV-Vis) shows a relation between the differences in the wavelength values of the spectra obtained in solutions of differing p[H], the differences corresponding to the different species proposed in the equilibria 26 .
Experimental

Chemical reagents
All chemicals used were of analytical-reagent grade and were used as received. All solutions were made with bi-distilled, deionized and CO2 -free water.
All nitrosalicylic and salicylic acid solutions were described elsewhere 19 . The nitrophthalic (Sigma -USA) and phthalic acid (Reagen -Brazil) solutions were made in 5% v/v ethanol(Merck)/water.
Metal solutions were made from their nitrate salts (Carlo Erba -Brazil) and their concentrations were determined by literature procedures 27 . The Fe(III) 0.01mol L , carbonate-free solution was standardized against potassium hydrogen phthalate (Carlo Erba -Spain). KNO3 (Baker & Adamson -USA) was the supporting electrolyte.
Potentiometric measurements
All potentiometric titrations were carried out under an inert atmosphere of water-KOH saturated nitrogen (WhiteMartins -Brazil) in a water-jacketed vessel maintained at 30.0 ± 0.1 °C and 0.100 mol L -1 ionic strength (KNO3). Four experiments were performed for each ligand studied. The first with the ligand alone to determine its protonation constants.
The others, with the ligand in the presence of the metal ion in the proportions ligand to metal, 1:1, 2:1 and 3:1.
The pKw was determined to be 13 .
UV-visible measurements
The aliquots analyzed by UV-VIS spectroscopy were taken at specific p[H] values from a second potentiometric titration, specifically done for this purpose.
The UV-VIS spectra were taken with a HewlettPackard model 8450A (USA) -Diode array spectrophotometer, from 260 to 600 nm, using aliquots of a solution of ratio ligand to metal 3:1 of 3-NPA (7.5 x 10 -4 mol L 
Cyclic voltammetric studies
The electrochemical cell employed supported a 15 mL total volume of solution. It was maintained at 0.100 M (KNO3 -Merck -Brazil) ionic strength, sufficiently great to minimize solution resistance to charge flow through the cell, and to minimize migration as a means of mass transport to the electrode. The working electrode used was a glassy carbon of 2 mm diameter. The reference electrode was Ag/AgCl, and the auxiliary electrode was a platinum wire. The system, totally deoxygenated by a stream of pure nitrogen (White-Martins -Brazil), was connected to a cyclic voltammograph of Bioanalytical System Incorporation, model BAS-27 (USA), and the results were recorded in a BAS X-Y recorder. The potential values reported in this work were increased by 0.204 V, and referred to normal hydrogen electrode (NHE) 29 . The temperature was 25 °C, room-controlled.
The final concentration in the cell for both the ligand 
Results and Discussion
The calculation of the equilibrium constants employed the microcomputer program BEST 28 . The results were also displayed in the form of species distribution diagrams with the aid of the program SPE 28 , with the metal concentration set at 100%. The BEST program was designed to solve for the set of equilibrium constants corresponding to the model selected and also makes it possible to explore all aspects and variations of the model. The model used in this work involved the choice of the chemical species shown to be present from potentiometry, UV-Vis spectrophotometry and cyclic voltammetry data.
Each species concentration consists of a product of the overall stability constant (βn) and individual component concentration raised to the power of its stoichiometric coefficient. The calculation of β values continues until no further minimization of the standard deviation (s.d.), in p[H] 28 units, is obtained. The overall stability constants are defined by Eq. 4:
All mathematical aspects of the programs employed have been reported elsewhere 28, 30 , and the desired ionic strength was set in all experiments by following the literature 31 . The equilibrium constants for the hydrolysis species of the metal ions employed in the calculations of the overall formation constants (β), were taken from the literature 32 . These constants are presented in Table 1 as well as the results reported in the literature [19] [20] [22] [23] and also the values for the ligands derived from catechol and salicylic acid.
The values in Table 1 show that the most acidic compounds are the nitro-derivatives of phthalic acid, and the least acidic, catechol, as expected.
Many different methods of calculation and experimental approaches for determining apparent stability constants of Cu(II) and HA have been reported in the literature. One of them 33 gives values for the binding constants of these kinds of complexes using a continuous distribution model based on the Scatchard plot, alternatively to the Bjerrum potentiometric titration method. The former method provided an average overall stability constant of 8.0, at 25 °C,
, concentration of HA = 0.25 mg mL -1 . The latter method employed gave the average values for the same kind of stability constant under the same conditions as 7.6. The main important feature was that Cu(II) reacts with more than one binding site , as the authors say, due to evidence for formation of CuL + and CuL2, where L is the reactive site of the macromolecule studied. The Bjerrum approach is suitable for this study but it does not account for the heterogeneous nature of HA. The Scatchard Plot gives rise to individual K values that are considered to reflect variations in binding energies without any regard to the nature in which Cu(II) is bound.
Another reported work 34 dealt with the study of the formation constant for HA and Cu(II) by cross-polarization/magic angle spinning 13 C-NMR. The results of the average conditional constant was 11.6. All spectra con- tained one major peak in the carboxyl carbon region associated with the carboxylic acid carbon. There was a sharp difference among the HA employed although the values found for the binding constants were close. In the trial titration that was carried out in this work using a mixture of nitrocompounds, models for nitrohumic substances, three protonation constants were observed due to the respective acidic groups. These groups were named g1, g2, and g3 and their average values are recorded in Table  1 . The g1 acidic group was assigned to the nitrophthalic acids 22 , g2, to the nitrosalicylic acids [19] [20] , and g3, to nitrocatechol 22 . Table 2 presents the average formation constants calculated when the mixture of the nitro-models was titrated in the presence of a metal ion. Cu(II) was chosen because there is comprehensive data available in the literature. The data in the literature were required for the attempted assignment of value found in this titration with a proper basic site.
As can be seen from Table 1 , the value for the formation constants for CuL, L being the reactive site of the model, of around 3.6 was assigned to two ortho carboxyl groups in an aromatic ring, having a nitro substituent in the 3-and 4-C position (nitrophthalic acids); the value around 9.8 was assigned to one carboxyl and one hydroxyl group in ortho positions in an aromatic ring (nitrosalicylic acids); the value near 11.5 was assigned to two ortho phenolic hydroxyl groups (nitrocatechol). The basic group assigned to the nitrophthalic acids has exhibited a greater basicity towards Cu 2+ , as it has a larger formation constant when present in the mixture of the model compounds, than when alone with the Cu 2+ . The same was true of the nitrosalicylic basic sites. The basic group due to nitrocatecholate behaves the same, no matter only with the metal ion or in the mixture of the model compounds employed.
Looking at these results one can infer that there are some interactions among the basic sites of the nitro-models employed when they are mixed in solution. This feature can be explained by the fact that when in a mixture , the less basic ligands will change the way they interact with metals by the presence of other more basic sites in their vicinities. This maybe the case in a related publication 34 where a value of around 11.0 was assigned to a carboxylic basic site, without taking into account the vicinity. A further related work 33 has revealed consistent data with those in this present work. Tables 3, 4 and 5 list the formation constants for the complexing systems in the presence of Fe(III) and Zn(II), and the ligands derived from phthalic (Table 3) acids (Table 4) and from catechol (Table 5) . Values compiled from the literature have been indicated [19] [20] [22] [23] . From the Tables it can be seen that the complexes of both metal ions and the nitro-compounds are weaker than the respective complexes with non nitro-compounds, an exception being Zn 2+ with APA and with NPA. The effect of stabilization of the complexes by the delocalization of charges in the aromatic ring by nitro-substituents can be seen by analyzing the constants in Table 3 for the ligands studied and the metal ions Fe 3+ and Zn
2+
. When looking at the constants for 3-nitrophthalic (3-NPA) and 4-nitrophthalic (4-NPA) acids with Fe 3+ , it is seen that the values for the formation constants ML, ML2 and ML3 are almost the same for both ligands. The non nitro-ligand phthalate, being more basic than the nitrocompounds, has larger formation constant values with respect to the same metal ion.
It is also possible to make an evaluation of the differences in the values of the formation constants between a non-nitro model compound and each one of their nitroderivatives. Analysis of the results in Table 3 by subtracting the stability constants for APA -Fe Normally, the decrease in the protonation constant is accompanied by a decrease in the metal -ligand binding constant. As the Fe(III) ion, a hard Lewis acid, forms the n.a n.a n.a complexes ML2 -and ML3 3- , which bear negative charges, with the nitrocompounds, the log K2,3 values diminish. This can be attributed to the inductively withdrawing electron effect of the nitro-groups in the NPA compounds resulting in better stabilization of the net negatively charged species, compared to the log K values obtained for ML + . Electrostatic effects have been attributed to some metal/ligand interactions in the literature 15 .
The same effect is enhanced when the metal ion being complexed to the phthalic derivative is Zn 2+ , a softer Lewis acid. The nitrophthalic acids effectively withdraw the negative charges that the ML2 2-complexes bear, and the ∆log K2 becomes negative. Here, this effect is observed even in the neutral complex formed, ML, where metal to ligand ratio is 1:1.
The use of nitro-substituted aromatic compounds allows testing of the influence not only the inductive effect, which plays a minor role in the stabilization of the complexed and uncomplexed species, but also of the resonance effect. Resonance effects play no role in the catechol and in some salicylate derivatives. When in a mixture , the less basic ligands will change the way they interact with metals by the presence of other more basic sites in their vicinities. The observed effect in this work was an enhancement in the ability of complexation by the less basic nitro-model compounds employed towards Cu 2+ . +2 metal ion is complexed by the nitrocatechols, while for catechol, this complexation reaches only 15% of the total metal ion as the ML complex (Fig. 5) .
Higher p[H] values for the species formation was noticed in the systems involving nitrosalicylic acids when compared to salicylic acid towards complexation of Fe 3+ and Zn 2+ 19,20 . A cyclic voltammetric p[H] dependence study was carried out with 4-NPA and Fe 3+ . Figure 8 shows the cyclic voltammogram for 4-NPA ( not electrochemically active) Vol. 9, No. 3, 1998 Models of Nitrohumic Acids Derived from Phthalic Acid 237 and Fe 3+ . The metal ion Zn 2+ and its complexes with 4-NPA were not electrochemically active.
The Nernst equation provides useful information for redox reactions involving simultaneous proton and electron-transfer processes. The number of protons (m) and electrons (n) involved in the electrode surface reactions are described as follows:
where, K is equilibrium constant and Ox and Red are the oxidised and reduced species, respectively. Taking into account that the concentration of protons at the electrode surface is the same as that of the bulk solution, it is feasible to write Eq. 6:
where E o is the formal electrode potential, Dox and DRED are the diffusion coefficients for oxidised and reduced species respectively. Equation 7 also applies to the system studied: Ep = 0.5 (Epc + Epa)
where, Epc and Epa is the cathodic and anodic peak potential, respectively. Assuming that Dox = DRED, Equation 6 can be simplified into Eqs. 8 or 9 The two cathodic peaks that can be seen in Figs. 9, 10 and 11, the cyclic voltammograms obtained from 4-NPA and Fe(III) at 1:1, 1:2 and 1:3 metal to ligand ratios, attested the existence of two electroactive species at the electrode surface. The more cathodic peaks, quasi-reversible voltammograms, were assigned as being the aquo species and the irreversible peaks were assigned as being due to ML species( Fig. 9 ) and ML2 species (Figs. 10 and 11) .
Considering Eqs. 8 and 9 and a pseudo-reversible process for the system studied, it was possible to determine the formal electrode potential. The potentials Epc and Ep data (Table 6) were then plotted against every measured p[H] value (Figs. 12, 13 and 14) for the three voltammetric titrations, where 1:1, 1:2 and 1:3 ratios of metal to ligand were employed.
The formal electrode potential E o = +0,635 (±0,050) V vs. NHE for the reduction of ML and ML2 species were the same and were obtained by the linear coefficient of Eq. 9 considering also the standard deviations calculated in the plots in Figs. 12, 13 and 14 .
The values of the angular coefficient of Eq. 9, 0.115, indicated that all processes involved two protons and one electron, being transferred in the heterogeneous reaction at the surface electrode.
The EC mechanism observed for the irreversible reduction (more anodic peak) was probably due to decomposition of the complexed species formed according to the proposed Eqs. 10 uble products happened to be present in the same region of p[H] that the ML3 begins to be formed (Fig. 4) . Useful information from the UV-Vis spectra of the NPA ligands and Fe +3 and Zn 2+ could not be obtained due to a mixture of all species over the observed p[H] range.
Conclusions
As interest in the study of complexation between ligands from soil and water towards metal ions is increasing, many questions arise about such a complex system. The speciation study is making progress as new techniques give support 35 . But one cannot give up studying the basic chemical aspects on how the metal ion interacts with HS, as these materials vary in structure from place to place where they are formed.
Model compounds can give an insight into how some basic sites of HS complex metal ions and can also overcome the main difficulties encountered in obtaining equilibrium constants for complex ligands.
Model compounds can also be studied by other commonly available techniques such as UV-VIS Spectroscopy and Cyclic Voltammetry, giving more specific information, where studying the whole complex organic material itself, would not be possible. Although the UV-Vis Spectroscopy technique was not very useful in the present study of nitrophthalic acids mainly due to all species being present over the p[H] range investigated, as the nitrophthalates are not very strong Lewis bases, it is a useful technique for detecting different species which exist in equilibrium. Cyclic voltammetry has shown the formation and destruction of the proposed species in each equilibrium studied as a function of increasing p [H] . All species proposed by potentiometric titrations and their assigned formation and destruction p[H] values were in perfect agreement with the cyclic voltammograms obtained. The nitrophthalic acids, models of metal ion binding sites of NHA employed in this work, are more effective for complexing the plant micronutrient Zinc (II), a softer Lewis acid than the harder Iron (III) acid. As was shown with the nitrophthalic, nitrosalicylic and nitrocatechol compounds there is a good possibility that the NHS is more effective than HS in complexing micronutrients in general, as these various NHS binding sites are more versatile for the complexation of soft and hard metal ions. This sheds new light on the possibility of using NHS as a slow-release fertilizer.
When mixed, the model compounds showed that their complexing ability towards a metal ion can be altered by the presence of a diversity of basic sites in their neighborhood. The formation constants for a model compound and the metal ion Cu(II) differed when it was determined alone with the metal ion, and when this same model compound was mixed with other model compounds.
Much more work remains to be done in this field, but the present work is certainly an initial proof that other approaches to studying the interaction of HA and metal ions ought to be developed. , in the ratio 1:2 metal to ligand.
